INTRODUCTION
Farmed Atlantic salmon Salmo salar differ both genetically and phenotypically from their wild counterparts due to breeding practices, domestication selection, random drift during domestication, and differences in ancestry (Karlsson et al. 2011 , Glover et al. 2017 . As a result, escaped farmed salmon are poorly adapted to the wild environment (Gausen & Moen 1991 , Einum & Fleming 1997 , resulting in reduced survivorship of escapees and hybrids relative to wild individuals (Fleming et ABSTRACT: Hybridization of escaped farmed Atlantic salmon Salmo salar with wild populations occurs throughout their native range and can threaten wild population stability and persistence. The extent of hybridization is often population-specific and can drive changes in phenotype and genotype. Current understanding of the forces that contribute to the spatial distribution of hybridization is insufficient despite its potential to inform conservation and management efforts. Using a panel of 95 single nucleotide polymorphisms previously validated for identifying parr of farmed, wild, or hybrid descent, we present a novel exploration of inter-and intra-river distribution of hybrids from 33 locations across 9 rivers in southern Newfoundland, Canada. The proportion of hybrids varied significantly across (p < 0.001) and within rivers (p < 0.05 in 4 rivers). Binomial mixed models and logistic regression showed increased proportions of hybrid and feral offspring within smaller rivers (p < 0.0001). Within-river distribution of hybrid parr was strongly associated with the migration effort required to reach spawning sites; the hybrid proportion decreased significantly (p < 0.05) with increased elevation, geographic distance and the presence of obstructions. These observations support previous hypotheses that the distribution of escaped farmed Atlantic salmon can be restricted by migratory challenges, which result in the reduction of hybrid individuals in upstream spawning sites relative to downstream locations. Our research demonstrates that levels of hybridization vary spatially and are associated with landscape features. We suggest that consideration of spatial variation in levels of hybridization will be essential for the evaluation of impacts that escaped farmed salmon impose on wild Atlantic salmon populations. Wringe et al. 2018a) . Estimates suggest that the number of escaped individuals may outnumber that of wild salmon annually in the North Atlantic (Glover et al. 2017) , with reports of interactions with native populations (Hindar et al. 2006 , Glover et al. 2013 , Karlsson et al. 2016 . Pos sible consequences of these interactions include increased competition for resources , exposure to introduced disease and pathogens, and outbreeding depression (McGinnity et al. 2003) . Changes in genetic composition of wild populations ) and associated phenotypic changes (Bolstad et al. 2017 ) may compromise the fitness and reproductive capacity of wild populations (Fleming et al. 2000 , McGinnity et al. 2003 .
The degree of hybridization (production of F 1 offspring between pure wild and pure farmed fish), introgression (further reproduction of F 1 fish, resulting in F 2 and backcross hybrid classes), and susceptibility of a population to its effects, however, is often river-or area-specific (Harvey et al. 2016) . Hybrid proportion and the degree of introgression varies across populations and is influenced by the proximity of a spawning location to aquaculture facilities (Karlsson et al. 2016 , Keyser et al. 2018 , as well as the number of escapees from these sites (Hansen & Windsor 2006 , Heino et al. 2015 , Keyser et al. 2018 . Recent Norwegian estimates suggest that 47% of rivers show evidence of significant genetic alteration, with the proportion of farmed genetic introgression reaching up to 42% within a river (Karlsson et al. 2016) . Stream or river size has also been linked to the occurrence of hybridization with farmed fish (Heggberget et al. 1993 , Økland et al. 1995 , Wringe et al. 2018a , possibly due to density-dependent competition associated with the population size at a spawning site (Glover et al. 2013) . Spatial distribution of escaped farmed and wild individuals can also vary within rivers; wild fish have been found in greater proportions in upstream sites (Webb et al. 1991 , Carr et al. 1997 , consistent with the hypothesis that reduced migratory capacity or reduced homing motivation of escapees will limit their maximum upstream migration distance; however, the opposite has also been reported (Thorstad et al. 1998 , Moe et al. 2016 . Conflicting findings may be due to specific river characteristics such as obstructions in downstream areas of certain rivers, restricting migration of farmed salmon to spawning areas below the obstruction. Alternatively, escapees may be relegated to the lower reaches of rivers through competition with wild conspecifics for up-stream spawning sites (Moe et al. 2016) . Research directed towards investigating the particular forces that influence the distribution of farmed escapees both within and across rivers has been minimal in North America, despite the potential to apply this knowledge to mitigation and management efforts.
Here, we explored the spatial distribution of impacts of escaped farmed salmon -specifically, the distribution of hybrid individuals across and within several watersheds in southern Newfoundland, Canada (see Fig. 1 ). Our primary objective was to quantify spatial variation in levels of hybridization within and between rivers (populations), as well as to identify key factors that influence this variation. Landscape-level studies on the number of affected rivers, or the extent and genetic consequences of introgression within rivers have been conducted in Europe (e.g. McGinnity et al. 2003 , Glover et al. 2013 , Karlsson et al. 2016 , Moe et al. 2016 ), but remain relatively unexplored in North America (but see Bourret et al. 2011 , Keyser et al. 2018 , Wringe et al. 2018a ). This study builds directly on work examining the consequences of a single escape event that occurred in 2013 of approximately 20 000 farmed Atlantic salmon, which approximately doubled the number of salmon in the region (Keyser et al. 2018 , Wringe et al. 2018a ). We extended this previous research with a novel investigation of potential fine-scale landscape influences on hybridization in the region following this escape event and subsequent trickle escapes.
MATERIALS AND METHODS

Sampling and genotyping
Individual samples used as farmed references (n = 156) were provided from 3 cage sites within Newfoundland, Canada, and used as baseline samples. As salmon cages in Atlantic Canada are presently stocked only with individuals from a single, non-local lineage from the Saint John River (Wringe et al. 2018b) , these samples are representative of escapees in the region. Previously identified (with high certainty) pure wild individuals (n = 301), collected from 9 rivers between 2008 and 2010 (see Wringe et al. 2018a) , were included as the wild baseline. A total of 3198 juvenile Atlantic salmon Salmo salar, aged young-of-the-year (YoY), 1+, and 2+, were collected by electrofishing in 2016 from 33 sites across 9 rivers in southern Newfoundland (see Table 1 , Fig. 1 ). Individuals were stored in 95% ethanol for later DNA extraction.
DNA was extracted using QIAamp 96 DNA QIAcube HT Kit (Qiagen) on a QIACube HT (Qiagen) following the manufacturer's protocol. Tissue samples were disrupted using a Tissue-Lyser II (Qiagen) mixing 2 × 10 s at 20 s −1
. DNA was eluted twice in 100 µl Buffer AE (Qiagen) pre-heated to 70°C. DNA extracts were quantified using QuantiT PicoGreen ds-DNA Assay Kit (Thermo Fisher Scientific) and read on a FLUOStar OPTIMA fluorescence plate reader (BMG Labtech). Individuals were genotyped using single nucleotide polymorphism (SNP) Type assays (Fluidigm) following the manufacturer's protocols, targeting 95 SNPs previously established for classification of farmed and wild salmon in Newfoundland (Wringe et al. 2018b) . Each plate extraction included 10 redundant samples to detect processing errors. To calculate the genotype error rate, 214 samples (representing 12.2% of the processed samples) were genotyped a second time; 130 of those were newly extracted, and for the remaining 84 samples with no tissue remaining, samples were genotyped from the original extraction.
Statistical analyses
All R analyses were conducted in R v.3.4.1 (R Core Development Team 2008). Figures were created using the R package 'ggplot2' (Wickham 2009 ). Classification of individuals to pure wild, feral, or 1 of 4 'hybrid' classes (F 1 , F 2 , backcross wild [BCW], backcross feral [BCF] ) at a given posterior probability was conducted using NEWHYBRIDS (Anderson & Thompson 2002) , which implements a Markov chain Monte Carlo Bayesian approach for assignment, producing a posterior probability per class, per individual, based on provided baselines. We applied centred baseline simulations from the R package 'hybriddetective' (Wringe et al. 2017a) . NEWHYBRIDS was implemented for each site independently, in the R package 'parallelnewhybrid' (Wringe et al. 2017b ) with a burn-in of 50 000 and 100 000 sweeps. Baseline individuals were labelled following NEWHYBRIDS documentation, using the 's' parameter, indicating that baseline samples were not obtained from the sam- pling site, to avoid biasing the expected sample proportions. To confirm our hybrid class assignment, we also applied STRUCTURE for hybrid classification as proposed by Karlsson et al. (2014) . Each individual was run individually with 100 simulated, centred baselines for both wild and farmed classes. We ran STRUCTURE with 50 000 burn-in and 100 000 repetitions for 3 iterations for all 3198 samples. Q-values were then plotted by class assigned in NEWHYBRIDS to assess consistency of assignment (see Fig. S1 in the Supplement at www.int-res. com/ articles/ suppl/ q010 p401_supp.pdf). For downstream analysis, we grouped individuals assigned to 1 of the 4 hybrid classes in NEWHYBRIDS into a single hybrid class and filtered individuals at a posterior probability threshold of 0.8 for assignment to a given group (pure farmed [feral], pure wild, or hybrid). Chi-squared fitness tests were conducted on count data for pure wild, feral, and hybrid groups (class proportion × sample size at a given site), scaled by sample size. Chi-squared tests were conducted on each river independently to test for within-river variation, and across rivers, using overall river group counts to assess inter-river variation. Population structure was assessed for association with hybrid classification using principal components analysis (PCA). Analyses were conducted on all data (baseline and field samples), as well as fieldsampled data alone, using the R package 'adegenet' (Jombart 2008) with 2 principal components retained. Distance from each sampling site to the respective river mouth and elevation at each site was approximated using Google Earth Pro (https:// google. com/ earth). Basin area, mean river width, basin perimeter, axial length (length of river along the down-valley axis), and maximum basin relief was obtained for each river from published data (Porter et al. 1974) . Average propagule pressure was calculated from aquaculture data (available from 2005 to 2012) in concordance with Keyser et al. (2018) . The number of obstructions along the path to each site and whether or not a site was within a tributary or the main stem was determined from the river descriptions of Porter et al. (1974) and Google Earth Pro. Environmental variables were standardized prior to variable selection (see Fig. S2 ). Mixed models were run in the R package 'lme4' (Bates et al. 2015) with each group set as a proportional binomial response (i.e. wild vs. non-wild, feral vs. non-feral, and hybrid vs. pure). Binomial rather than multinomial models were run to allow for the interpretation of the relative contribution of tested variables to group proportion for each group. River was set as a grouping variable (random factor) for each model, with a forward selection approach for each environmental variable (fixed factor) considered. The interaction of distance to river mouth and elevation was considered as a function of the migration effort (Moore et al. 2017 ) required to reach a given spawning site (hereafter referred to as minimum migration effort, MME). Model fit was assessed by comparing Akaike's information criterion (AIC) (Akaike 1974 ) and the significance of an additional term across models tested. Models were first run with each environmental variable and the elevation × distance interaction term tested independently with the grouping variable included in the model (see Table 2 , Models 2 to 10). A variable was considered to be important and included in subsequent model tests if (1) its inclusion in the model was found to be statistically significant at α = 0.05 and (2) it reduced the AIC from Model 1 (see Table 2 ) in at least 2 of the 3 analyses tested. The model with the best fit was used as a base model for subsequent models to test sig nificant variables in combination. A variable was not considered in subsequent models if the criteria for importance were not met. As AICs allow only for relative model comparison, we also assessed the overall model fit using the marginal and conditional R 2 value, or the proportion of the variance explained by only fixed effects and fixed plus random effects, respectively (Nakagawa & Schielzeth 2013) , using the R package 'MuMIn' v.1.40.4 (Barto 2013) . In creases in marginal and conditional R 2 values suggest improved model fit, though these were not applied as selection criteria. To visualize and evaluate individual variable importance, we assessed the linear fit of each group proportion regressed against the log-transformed parameters determined to be important through the above modelling approach. To investigate possible cohort effects, we applied our forward selection modelling approach on all data combined, as well as on each age group (YoY, 1+, and 2+ parr) separately.
RESULTS
Sample sizes ranged from 28 to 235 ind. (mean = 96.9) site −1 (Table 1 ). The genotype completion rate (the percentage of loci across all samples that yielded a genotype, excluding samples with > 9 genotypes that were not called) was 99.8%. The genotype error rate was calculated to be 0.13% (Pompanon et al. 2005) . Across all 6 genotype classes, 90% of individuals were assigned above the posterior probability threshold of 0.8, with 96% of individuals reaching this threshold when hybrid classes (F 1 , F 2 , BCW and BCF) were combined into a single group (Fig. 2) . Hybrids (at least 1 of the 4 hybrid classes represented) were detected in all 9 rivers, in 69.7% of all sites. As well, feral parr (i.e. the offspring of escaped farmed parents) were found in 5 rivers and 39.4% of all sites (Fig. 3) . The proportion of feral individuals within a given site ranged from 0 to 0.38 (mean = 0.06), with hybrid proportions ranging from 0 to 0.76 (mean = 0.15). The proportion of pure wild individuals ranged from 0 to 1 (mean = 0.79). Chi-squared tests indicated significant differences in group composition across rivers (χ 2 = 443.06, p < 0.001). Four of the 9 rivers tested showed significant evidence of intra-river (inter-site) variability in group composition (Table 1) . We opted to include all rivers in subsequent analyses to avoid biasing trends in intra-river variation.
Individual classification scores aligned nearperfectly with PCA plots (Fig. 4) , suggesting that most detectable structure in these populations is dominated by farmed introgression. The first and second PC explained 11 and 4.6% of the variance, respectively, with sites aligning along this axis by hybrid class. Clustering of sampled individuals identified as either pure wild or feral with their respective baseline groups shows support for clas sification accuracy and demonstrates congruency between true genetic signals of hybridization and detectable structure in sampled individuals. Individuals that were not assigned above the posterior probability threshold generally clustered between discrete classes, indicating areas of difficulty for the classification algorithm.
In the mixed modelling with all data combined, the grouping variable alone (river) resulted in R 2 values of 0.39, 0.26, and 0.08 for pure wild, hybrid, and feral models, respectively. As fixed effects explained more variance in the data in subsequent models, the river contribution (difference be tween the conditional and marginal R 2 ) was reduced in models that included fixed effects ( Table 2 ). The most significant single fixed term in all 3 models was MME, the interaction of elevation and upstream migration distance. The inclusion of axial length improved model fit across all models, both when included as the only fixed term and in combination with other factors. The number of obstructions (also related to migration effort) was important in all models when included as the sole fixed factor and was significant in both wild and hybrid models in combination with other significant variables. Whether or not the site was within a tributary or along the main river stem was important for wild and hybrid models when included as the only fixed factor, but not in com bination with other variables. When assessed independently using a t-test, there was no significant difference in class proportion between sites within a tributary or along the main stem in any of the classes (Fig. S3 in the Supplement). For all second level models (models 11 to 15; Table 2), the reduction in AIC and contribution to the fit of the model was minimal relative to the inclusion of the MME term. The final best model for the wild and hybrid analyses included MME, the number of obstructions along a migratory route, and axial length. The best model for the feral analysis included MME and axial length (Table 2) . Applying modelling approaches to each age Table 1 . Points have been slightly shifted for visibility of pie graphs; refer to Fig. 1 class independently revealed similar results for 1+-and 2+-only models, in which the single most significant term was MME (Table S1 & Fig. S4 ). The best models for all 1+ analyses included MME, number of obstructions, axial length, and the tributary term. Axial length was not a significant term for 2+-only models. The best YoY models in cluded the number of obstructions and axial length; however, only elevation (not distance) was a significant factor in these models. Additionally, due to the very low proportion of feral individuals assigned above the posterior probability threshold in YoY samples, the feral model could not be run on this age class alone due to insufficient variance. Inspection of linear regressions of class proportion against log-transformed variables (Fig. 5) revealed decreasing frequency of fish of hybrid and pure farmed origin (and conversely, increasing frequency of wild fish) with increasing axial length (r 2 = 0.161 to 0.405, p < 0.00001). Similar trends were found for MME and the number of obstructions (MME: r 2 = 0.08 to 0.26, p ≤ 0.01; obstructions: r 2 = 0.052 to 0.104, p < 0.05, respectively). In all cases, the feral model was the least significant. For all environmental variables analyzed using linear regression, the magnitude of the slope and R 2 was greatest in pure wild analyses and lowest in feral class proportions (Fig. 5) .
DISCUSSION
Despite increasing production of farmed Atlantic salmon Salmo salar in North America (ICES 2017) and extensive re ports of escapees (Keyser et al. 2018) , factors influencing the distribution of hybrid - ). Asterisks indicate models in which additional parameters were statistically significant. Bold AICs indicate models with best fit (lowest AIC with significant additional term). Age-specific model results can be found in Table S1 in the Supplement at www. int-res. com/ articles/ suppl/ q010 p401_ supp. pdf. *p < 0.05; **p < 0.01; ***p < 0.001 iza tion between wild and escaped farmed salmon remain poorly resolved (Wringe et al. 2018b ). Here, we assessed spatial variation in hybridization and landscape variables influencing fine-scale distribution of hybridization across and within 9 rivers in southern Newfoundland, Canada. Our analysis indicated that inter-river distribution was largely driven by river or population size (axial length), while intra-river distribution was determined by factors influencing migration effort required to reach a given spawning site. This work builds on previous evidence of hybridization occurring in North America (Bourret et al. 2011 , Keyser et al. 2018 , Wringe et al. 2018a , and extends research conducted elsewhere exploring factors influencing the distribution of escaped farmed salmon into wild populations (Webb et al. 1991 , Carr et al. 1997 , Moe et al. 2016 . We provide novel insights into fine-scale, withinriver spatial variation in levels of hybridization following escape events, demonstrating that population composition may be associated with landscape features influencing individual performance or migratory motivation. The resolution of this variability will ultimately be essential to evaluating impacts from escaped farmed salmon on wild Atlantic salmon populations. Overall, we observed evidence of hybridization or introgression occurring within at least 1 site in all 9 rivers, with chi-squared results suggesting that variation among rivers was stronger than variation within Table 1, corresponding to colours in Fig. 1 rivers. It is worth noting that our estimates of hybridization rates are also likely underestimated, as individuals that did not meet the posterior probability threshold in NEWHYBRIDS (and thus were not included in downstream analysis) often clustered near other hybrids or in between clusters in both principal component and STRUCTURE analyses. Also, rivers included in this study were selected to observe hybrid distribution following a nearby escape event, based on previous evidence of hybridization occurring in the area (Wringe et al. 2018a ). As such, our estimates do not reflect rates of introgression across the broader region but may provide accurate estimates of introgression within rivers likely to be affected by aquaculture. Relative class proportions identified in the present study reflect that of previous estimates (Wringe et al. 2018a) and are congruent with evidence of overall farmed invasion in North American rivers (Morris et al. 2008) . That feral parr and hybrid parr were present in the YoY age class in somewhat lower proportions than 1+ and 2+ individuals may suggest a decreased presence of escapees spawning in 2016 relative to previous years reflected in the 1+ and 2+ age class or reduced survivorship of feral and hybrid parr relative to their wild counterparts (McGinnity et al. 2003) . As farmed escapee presence in rivers is expected to decrease following the initial surge from a large escape event, this is not surprising; however, the presence of second generation hybrids in all age classes indicates that trickle escapes are ongoing and influence the genetic composition of wild populations. Of the variables tested that were invariant within rivers (i.e. variables that were identical for each site within a river and varied only between rivers), and therefore potentially influencing inter-river distribution, only axial length was found to be significant. As an estimate of habitat size, axial length is reflective of population size in the region, which has been demonstrated to be indicative of the degree of farmed invasion in Newfoundland (Wringe et al. 2018a ) and elsewhere (Heggberget et al. 1993 (Heggberget et al. , Økland et al. 1995 . Although log-transformed linear trends were significant for all 3 classes against axial length, this relationship was most extreme (larger magnitude of slope) for hybrids compared to feral parr, resulting in higher relative proportions of hybrids in smaller rivers. The differential impact of river or population size on the proportion of feral or hybrid parr present at a given site is likely due to a dilution effect, reflecting a higher proportion of hybrids in the watershed overall. Alternatively, hybrids may demonstrate a competitive advantage over feral parr (Fleming et al. 2000) , resulting in elevated presence in small, dense populations, but this inference is outside the scope of the current study.
Across all models, MME resulted in the greatest model improvements except when analyzing YoY parr alone. The number of obstacles between the river mouth and a site also improved model fit, suggesting further influence of difficulty during migration as a predictor of feral and hybrid presence at a site. Alternatively, obstacles may affect hybrid or feral presence by influencing dispersal. As escaped farmed fish often move throughout river systems more than their wild counterparts (Økland et al. 1995 (Økland et al. , Thorstad et al. 1998 , the proportion of hybrid fish in spawning sites blocked by fewer passable obstacles may be underestimated at a given site relative to more obstructed areas. Linear regression analyses provide additional evidence that increased difficulty along a migration route contributes to the reduced hybrid proportions in upstream areas (Webb et al. 1991 , Økland et al. 1995 , Moe et al. 2016 . Linear regression of feral proportions was the least significant with lowest R 2 values across tests, likely because feral parr were present in low proportions overall, thereby providing little variance across sites with which to detect trends. While there are other factors that affect the effort required for an individual to reach a given spawning site (e.g. flow velocity, flow volume), our findings that the combination of distance and elevation (i.e. MME) is predictive of intra-river proportions of hybrid and wild parr strongly implicates the role of migration effort. Further, the interaction of elevation and distance along a migration route has been demonstrated to affect habitat choice in Arctic char (Moore et al. 2017) , supporting its implementation in the present study. It is possible that spatial variation in fitness or survival, rather than landscape effects on migration performance, may contribute to variance in observed class proportion across sites. Regardless of the mechanism involved however, within-river variation observed in the present study demonstrates that sampling from multiple sites within rivers is likely to improve estimates in future work of the frequency of hybridization and introgression between wild Atlantic salmon and farmed escapees.
Propagule pressure was not found to be a significant factor in mixed models, despite existing evidence demonstrating elevated farmed escapees in proportion to propagule pressure in North American Atlantic salmon (Keyser et al. 2018) , as well as other systems of interbreeding between farmed and wild individuals (e.g. mussels: Crego-Prieto et al. 2015 , and mink: Beauclerc et al. 2013 , Bowman et al. 2017 . The lack of correlation in this study is likely due to the relatively small geographic area observed and the targeting of rivers that were previously known to contain farmed escapees (Wringe et al. 2018a) , such that propagule pressure did not sufficiently vary to detect an influence on hybrid distribution. Additionally, as propagule pressure influences actual numbers of farmed escapees entering river systems rather than proportions of resultant offspring, analyzing class proportions may obscure results due to differing wild population size across rivers.
Efforts to preserve genetic integrity and conserve wild Atlantic salmon populations are best directed towards reducing aquaculture escape events (Hindar et al. 2006) ; however, the quantity of escapees that continue to enter wild systems every year (ICES 2017) necessitates attention to reducing the impacts of invading farmed salmon. We have demonstrated that smaller wild populations are most at risk of detrimental genetic effects from farmed introgression due to increased presence of hybrid and feral parr in smaller rivers. Increased MME due to elevation and upstream migration distance and the number of obstructions to a spawning site reduces the presence of hybrid offspring, suggesting that wild salmon spawning in downstream sites are likely faced with higher competition from farmed invaders and elevated outbreeding depression compared to those in upstream spawning sites. Knowledge of the distribution of introgression can inform management practices to help maintain genetic integrity of highly vulnerable populations. Our work extends previous research that focused on the presence of farmed salmon mating with wild populations in Atlantic Canada (Bourret et al. 2011 , Keyser et al. 2018 , Wringe et al. 2018a and provides novel insight into the forces that influence introgression, applicable to affected systems globally.
